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Introduction
In support of 2050 EU carbon reduction targets, the UK is committed to reduce emissions by 80% in comparison with 1990 levels (Commission of the European Communities, 2014). Buildings are responsible for approximately 40% of energy consumption and 37% of greenhouse gas emissions, with a large proportion of energy use associated with heating (Committee on Climate Change, 2014). Heating energy reduction in buildings is therefore crucial to achieving this target.
Reducing reliance on fossil fuels will require the further development of viable and effective low carbon energy generation techniques. The range of approaches is however somewhat limited comprising primarily solar solutions (solar collectors and photovoltaics) and wind and wave approaches. Relatively little consideration has thus far been extended to Transpired Solar Collectors (TSCs) which are potentially highly cost effective solutions in relation to heat demand (Kutscher, 1992; Arulanandam et al, 1999; Li et al, 2014) TSCs were originally developed in Canada for summer crop-drying, but as a consequence of design optimisation can now be used to supplement building space heating in temperate climates by providing useful amounts of warm air in the Autumn and Spring (Hollick, 1994) . TSCs are typically able to deliver air 10-15°C warmer than ambient external temperature (Hall et al. 2013 ). This warm air can either be ducted directly into buildings or be used as preheat for 'Heating, Ventilation and Air Conditioning' (HVAC) systems (Athienitis et al., 2011 Transpired Solar Collectors are wall-mounted air heating systems comprising a perforated steel sheet installed on a building façade that acts as a solar absorber (Fig 1) . The perforated plate absorbs solar radiation from the sun and heats air local to its surfaces and that passes through the perforations. A fan sucks air into a plenum behind the absorber plate through the perforations, and in simple arrangements delivers the warmer air into the interior of the building where there is heating demand. Heat transfer takes place continuously as the air travels through the absorber plate and into the plenum, being concentrated mostly at the air-steel interface and at the perforations. The heated air is used to wholly or partially satisfy ventilation requirements. Of the solar radiation falling onto the absorber ( ), a portion is gained by the system ( ); the remainder is accounted for by system radiative and convective heat losses ( ). The system thermal efficiency is defined as:
In spite of the apparent simplicity of the approach, the thermodynamic and fluid-dynamic characterisation of TSCs is complex. A variable turbulent external flow approaches the absorber surface, and a boundary layer forms over the plate, governing heat and airflow transfers. The pressure drop across the perforated plate induces suction of air through perforations with the consequent formation of jet flows within the plenum. All types of heat transfer establish at the same time, including convection on both sides of the perforated plate, conduction through the steel plate and radiation. The multi-scale geometrical nature of the system inherently complicates the way these processes affect system thermal response and efficiency.
An advanced understanding of these mechanisms and of how external climate conditions modify them is essential for system optimisation. Whilst experimental analysis of TSC systems will be an essential component of future systems development it is costly and time consuming, and needs to be informed by robust analytical predictions. Numerical models, and in particular three-dimensional CFD models, are flexible and once appropriately validated, provide a reliable, inexpensive platform to explore the effects of design modifications and variable operating conditions. A principle aim of this study has been to develop a comprehensive CFD model for TSC systems that considers all relevant physical mechanisms described at correct physical scales, that can be used reliably for system analysis and optimisation. 
Background
For a given system geometry and incident solar energy, the suction velocity ( ) and the velocity of the external approaching flow (i.e. wind speed, ∞ ) are key variables determining the performance of systems (Kutscher, 1994 , Biona et al., 2005 . The suction process in TSCs is mainly driven by fan power. The pressure gradient in the plenum causes air to flow through the perforations and towards the exit arrangement at the top of the plenum. Pressure distribution across the absorber plate and the plenum are dependent on the location of the fan (Dymond and Kutscher, 1997; Gawlik et al. 2005) . Non-uniformities in the airflow in the plenum are also induced by buoyancy as a result of the temperature gradient generated on the absorber's surface by solar radiation. Gunnewiek et al. (1996) have observed that within the plenum airflow is fundamentally non-uniform due to the continuous interaction between buoyancy force and fan drag force. Importantly, the heated air passing through discrete perforations produces characteristic jet flows every few centimetres across the plate depending on pitch distance. These jets interact with the bulk airflow travelling upwards creating turbulence and further non-uniformity. The assumption of uniform plenum flow found in some literature (Kutscher, 1992; Arulanandam et al., 1999) may undermine the reliability of system analysis and results. A full, realistic description of the flow within the plenum and of the jets interaction can be achieved with accurate threedimensional CFD modelling of a full-scale system and with the provision of a multi-scale, locally refined, computational mesh.
A great deal of interaction takes place between the absorber plate surface and the fluid flow moving over it, within the thin layer of fluid in the immediate vicinity of the solid-fluid interface. The establishment of a boundary layer region influences both the thermodynamic, and the fluid mechanic mechanisms that occur and has a strong effect on system performance. The evaluation of the solid-fluid heat transfer would be inaccurate without appropriate information on the flow characteristics in the boundary layer region. Based on Schlichtings's homogenous suction theory (Schlichting, 1979) , the rate of suction through the perforations determines the transition from turbulent to laminar flow. A boundary layer may establish over the perforated plate after a specific starting length, and the suction velocity determines whether the layer thickness remains constant (asymptotic boundary layer). The asymptotic region can be either laminar or turbulent, depending on suction rate, surface porosity and the upstream flow type (Dutton, 1958) . The minimum suction velocity to support an asymptotic boundary layer has been given as = 1.24 × 10 −4
∞ (Schlichting, 1979) . The ratio of the suction velocity to wind speed ( / ∞ ) has also been recognised as a determining variability in the development of boundary layers (Dutton, 1958; Moffat and Kays, 1984) . Higher wind speeds require higher suction velocity to avoid reverse flow over the perforated plate. Moffat and Kays (1984) found that a suction ratio in excess of 0.004 determines the transition between turbulent boundary layers and asymptotic laminar boundary layers. Gunnewiek et al. (2002) studied two different types of building with constant wind speed of 5 m/s. They found that the minimum suction velocity required to avoid reverse flow was 0.017 m/s for long buildings and 0.026 m/s for cubical buildings, respectively. For a given wind speed, higher suction velocity implies higher suction ratio, which in turn results in lower system operating temperature (Biona et al. 2005; Leon and Kumar,2007) .
By applying Schlichtings's hypothesis of homogeneous suction, Kutcher (1992) developed an empirical model for the evaluation of heat loss of flat TSC systems. According to this theory, an asymptotic boundary layer develops when there is no energy and momentum transfer into the boundary layer and the heat loss by natural convection is considered negligible after the starting length (Kutscher et al., 1993; Abulkhair and Collins, 2010) . This approach may reduce the complexities of TSC modelling, however it would not be able to capture the nature of real applications where suction is non-homogenous and the external flow is neither laminar nor uniform (Li et al., 2013) . By referring to the same homogenous flow theory, some experimental studies (Golneshan, 1994; Van Decker, 2001 ) assumed repeating flow behaviour over the perforated place. Whilst this meant that the size of the test system could be was therefore less than 0.5 m 2 , and larger potentially more realistic physical systems were not investigated.
Effective analysis of systems requires suitable computational resources and three-dimensional modelling techniques (Tajdaran et al., 2015) and is complex. For this reason, a range of simplifications concerning the underlying physics, as well as system size, geometry and boundary conditions, are routinely adopted. For example, some models assume periodic behaviour of the flow over the absorber plate and include only one perforation for flat plates or one corrugation for profiled plates (Arulanandam et al., 1999; Gawlik and Kutscher, 2005; Collins and Abulkhair, 2014) . Conversely, Li et al. (2013 Li et al. ( , 2014 investigated flow and heat transfer for a full scale experimental apparatus using three-dimensional CFD models, which were validated with test data. Heat transfer by radiation was excluded from the study and the approaching flow was set to be parallel to the absorber plate.
The research described in the following sections is based on three-dimensional full-scale CFD modelling to investigate flow and thermal behaviour in the context of cassette-panel transpired solar collectors (Fig. 2 ). The models are based on the geometry of a prototype system installed on the south-faced façade of a disused residential building at Oxford Brookes University (latitude 51.75°, longitude -1.13°). This trial site is one of the few large scale experimental facilities where TSCs have been studied in the necessary level of detail (Fig. 3) . Two cassette-panel TSCs were tested on the building; one system was trialled with an insulation board attached to the façade to reduce fabric thermal storage effects (first floor) whilst the second system was installed directly over the existing building façade (precast concrete panels) to allow fabric thermal storage to be fully effective(second floor). Environmental conditions were monitored using a weather station that recorded wind speed and direction, air temperature, solar radiation and humidity. Air temperature was also recorded in the plenum, outlet duct and in the rooms served by the system. The system was monitored continuously over a period of 88 days. The measured data showed that both systems are able to raise the air temperature by 10-15°C. It was also noted that the temperature of the insulation layer stayed almost constant whereas the concrete wall heated by a few degrees during the day and largely transferred this heat back to the plenum air at night. Experimental data acquired using this system was used to validation purposes. The model encompasses a full-scale section of the prototype system and uses advanced meshing techniques to minimise the computational cost. The model considered the full range of underpinning physics and a 'Solar Load' sub-model to simulate solar radiation over the absorber plate. The model is believed to provide the most accurate performance representation of TSCs hitherto available being able to properly reflect key variables including airflow (notably wind speed and wind angle), solar radiation intensity (based sun position), turbulent flow across the system, and non-uniform flow suction through perforated plates. It is able to consider the effect of these variables in isolation, and assessment of their relative importance. The influence of suction ratio in combination with climate conditions has also been investigated.
The aim of the present work has been to improve the current understanding of the underlying physics of TSC systems; and at the same time, to provide the details of a suitably accurate modeling approach for system optimisation. TSC optimisation is essential both to extend the periods of useful operation and to produce higher grade heat for thermal storage
Methodology

Numerical approach and grid design
The commercial CFD software STAR-CCM+ has been used to solve steady-state, three-dimensional Reynolds Averaged Navier-Stokes (RANS) equations with the Realizable − turbulence closure model over the computational domain. A segregated flow solver has been adopted to solve flow equations using a second order upwind discretization scheme along with SIMPLE algorithm for pressure-velocity coupling. The simulations included all modes of heat transfer with specified values of emissivity, absorptivity and thermal conductivity on all relevant surfaces. Sun position was set as a function of the local time zone using the Solar Load sub-model; actual measured values of solar radiation intensity were used as the boundary condition (Hall et al., 2013) . Simulation convergence was determined via the simulation residuals, but also by monitoring maximum velocity and pressure within critical locations of the flow field, and average and maximum temperature and heat transfer coefficient over the interface between plate and ambient air.
The existence of very small circular perforations (diameter 1.5 × 10
) over a relatively large surface area (2.73 × 1.74 ) resulted in a multi-scale geometry. In order to capture the relevant airflow behaviour, the boundary layer and the jets emerging from the perforations into the plenum, a multi-scale, locally-refined, multi-block, adaptive, hexahedral mesh grid was generated using the 'Conformal Trimmer' meshing approach (STAR-CCM+ user guide, 2014). The typical cell size was of the order of 0.2 mm around the perforations and 10 mm away from the absorber plate (Fig. 4a) . The characteristics of the jet flows were captured by creating refined conical grid regions adjacent to each single perforation, as shown in Fig. 4b . Specific mesh tests showed that a cone penetration of 20 mm was sufficient to give the jet flow independence from the mesh size. The final computational domain included 11M cells in total. The simulations have been executed using the High Performance Computing Cluster available at Oxford Brookes University. The flow in the region adjacent to the walls was resolved using 'Two-Layer All y+ Wall Treatment' wall function (STAR-CCM+ user guide, 2014). Mesh design and generation in that region was carried out in a way to maintain the y+ level of the first cell layer (the viscous sub-layer) to less than 5. 
Boundary conditions
The CFD model is based on a prototype cassette-panel TSC and comprises a full-size vertical section of the system with circular perforations (pitch 20 mm) in the absorber plate. This configuration of the computational domain enabled capture of the local pressure gradient in the vertical direction, arising from the fan. The pressure gradient was not considered significant in the stream wise direction in the fully developed region over the plate so extended surfaces were created either side of the perforated plate to ensure boundary layer growth over the perforated plate in the horizontal direction. The model geometry and associated boundary conditions are given in Fig. 5 .
The approaching external flow (wind) has been simulated using a 'velocity inlet' boundary condition at the left and front sides of the ambient region, with a specified wind angle ( ), wind speed ( ∞ ) and a typical value of 1% for turbulence intensity. The right side of the domain was set as 'pressure outlet' using a zero gauge pressure condition. The absorber plate was defined as a solid region with specified values of absorptivity, emissivity and conductivity. The plenum region has been modelled in its full size, facilitating the simulation of a realistic bulk flow stream. The top side of the plenum was defined as 'mass flow inlet' with a negative value of mass flow rate of air to represent the fan drawing air through the perforations and into the building. Adiabatic wall of specified emissivity was set for the rear and bottom side of the plenum domain and 'symmetry' boundary condition was set for the left and right sides. 
Model Validation
A two-fold model validation process has been carried out based on available experimental data (Hall et al., 2013) . Comparisons were drawn between modelled and measured values of absorber plate temperature ( ), as well as between modelled and measured values of plenum outlet temperature ( ). The plate temperature was calculated as the average of several locations on the inner side of the plate and it is taken as representative of the interaction between internal and external flows in steady-state conditions. The plenum outlet temperature was taken at the top of the plenum, with the insulated building façade (Hall et al., 2013) . This second validation criterion was thought to be essential as it represents the quality of the air delivered into the building. A set of 15 operating conditions covering a wide range of climate variables has been used to assess the CFD model accuracy and reliability. These are summarised in Table 1 . Fig . 6 shows the comparison between modelled and experimental data. 95% of the cases are predicted with accuracy within 10%, with 55% of the temperatures predicted within 5% of the experimental value. Considering that the experimental measurements themselves carry a degree of error due to life-like test conditions, the validation exercise implies that the sophisticated CFD model developed for this work is able to deliver an accurate and realistic representation of the performance of a TSC system. Importantly, the variety of validation cases suggests that the CFD model is flexible in nature and well suited to capture the influence of different climatic conditions, which is essential for design optimisation. 
Results and discussion
This section presents the airflow and thermal field analysis for one representative case, and parametric studies that investigate relevant climate variables. The flow field analysis uses post-processed CFD images to provide a visual insight as to how the TSC system works i.e. the airflow approaching the absorber plate, the processes of heat exchange, and the airflow within the plenum towards the system outlet. Studies consider the effect that variables including: solar radiation intensity and direction (i.e. time of day), suction ratio, and approaching flow conditions, have on system performance. Fig. 7a shows the velocity streamlines and vectors in the computational domain for one representative case. It can be seen that wind with a specific angle approaches the absorber and exits the domain on the right hand side. Whilst the airflow enters the domain at a certain angle in the far field regions, it rather quickly takes a more parallel direction to the plate as it streams closer to the TSC's external surface. While this configuration may be different for wind speeds in excess of 6 m/s, and for a TSC panel located in the corner of a building, the results suggest that generally wind angle exerts only a limited influence on the thermal performance of TSC systems. The results can inform experimental work, especially in terms of where best to place weather stations in relation to flow streams around the absorber plates. Fig. 7b displays the formation of jets in the plenum due to the suction through perforations, and the airflow in the far field. Notably, from a very high speed of 8 to 10 m/s, the jets quickly dissipate into the core flow travelling up at relatively low velocity (0.5 to 1.5 m/s). Due to the suction generated by the fan, the airflow experiences different velocity and pressure as it transfers across the system. As shown in Fig. 8 , the pressure grows negatively moving upwards and, correspondingly, the bulk velocity within the plenum increases (Fig. 9) . Solar radiation falls on the absorber plate and the system gains heat by sucking the heated air layer flowing over the plate. Fig. 10a shows the temperature distribution over the absorber plate. For increased clarity of visualisation, the regions with temperatures above 23°C are displayed in red and a similar approach is used in other figures throughout this section. A higher level of negative pressure and airflow velocity in the upper part of the plenum (section 1) cause this part to be relatively cooler especially at the very top, where the highest negative pressure is generated. Interestingly, a slightly greater temperature is seen all around the edge of the modelled TSC element, indicating the establishment of an 'edge effect' influencing the thermal performance of the system. Whilst the importance of the edge effect reduces with increasing front surface (i.e. in full-scale applications), the CFD environment enables exploration in detail as to how different parts of the absorber plate contribute to the level of outlet temperature ( ) and to the corresponding 'Heat Exchange Effectiveness' .
Airflow and thermal field
Heat Exchange Effectiveness ( ) is defined as the actual heat transferred to the air, relative to the maximum theoretical heat transfer. Its definition is typically given in terms of ambient temperature ( ), outlet temperature ( ) and absorber surface temperature ( ):
As can be observed from the Eq. 2, for a given outlet temperature, greater surface temperature leads to smaller effectiveness. In other words, the regions of the absorber plate that operate at higher temperature, contribute less to the final air temperature delivered by the system. Fig. 10b shows the distribution of HEE over the absorber plate. Heat transfer is clearly maximised around the top region with levels of HEE ≥ 1, indicating that the surface temperature is either equal or less than the outlet temperature. Magnified side views of temperature and velocity distribution in the upper part of plenum are presented in Fig. 11 . While the absence of perforations in the uppermost region leads to higher surface temperature and lower HEE, the increased heat transfer across the first few perforated rows leads to a localised area of lower temperature and greater HEE. 
Effects of Wind Angle
Whilst the characteristics of the airflow approaching TSCs are believed to be important, the existing literature does not routinely consider the influence of wind angle on the thermal performance of TSC systems. Wind angle can affect the airflow distribution near the perforated plate, which in turn modifies the heat gain of the system and consequently the air temperature rise. Temperature rise refers to the ability of the system to raise the ambient temperature to a higher level at the outlet, and it is defined simply as the difference between the outlet temperature ( ) and ambient temperature ( ). Steady-state simulations have been performed to illustrate the parametric influence of wind angle, at different levels of suction ratio, on temperature rise and other performance parameters. The data gathered from the weather station on the experimental site (Hall et al., 2013) suggests that the wind mostly blows from the west and the south west (Fig. 12) as might be expected in the south of England. For brevity, simulations have been carried out for the major range of wind angle as it has been detected on the trial site. Noting that the building is south-facing, the equivalent wind angle in the model would span mainly from 0° to 67.5°; Fig. 13 provides a schematic view of wind flows approaching the TSC at different angles. The summary of the studied conditions is given in Table 2 . Fig 14 shows temperature rise and absorber surface temperature as a function of wind angle, for different suction ratios. It can be seen that both 'temperature rise' and 'absorber surface temperature' reduce with increasing wind angle. The trend is similar for all cases, with increasing suction ratio leading consistently to lower surface and outlet temperatures. Surface temperature demonstrates an average decrease of 0.28°C per 10° increase in wind angle. This suggests that increasing the angle of the approaching flow enhances the level of turbulence around the plate, leading to increased heat transfer from the plate to the external air flow. Similarly, the air temperature rise drops by approximately 0.19°C for every 10° variation in wind angle with temperature reduction occurring most during the initial stages, indicating that the flow pattern does not change significantly after a given wind angle.
Inspection of the four cases shows the important influence of suction ratio on the operating temperatures of TSCs. The maximum effect of suction ratio occurs at 67.5° where 'temperature rise' and 'surface temperature' drop significantly by about 58% and 28% for a change in suction ratios between 0.004 and 0.01. This effect is less pronounced but still considerable at a wind angle of 0° (36% and 10%, respectively). A similar pattern has been noted for the influence of suction ratio in the relevant literature (Biona et al., 2005; Leon and Kumar, 2007) . As the simulations have been performed for constant wind speed (3 m/s), higher suction ratio implies higher airflow velocity in the vicinity of the perforations, leading to lower temperature gradients on the surface of the absorber. Moreover, higher suction ratios increase the turbulent effect originating from a higher level of interaction between the suction and the approaching flow, which in turn tends to increase the heat transfer from the plate to the ambient air. Fig 14. Impact of wind angle on temperature rise and absorber surface temperature for: (a)
The predicted heat exchange effectiveness does not show significant changes with wind angle variation. When the suction ratio was varied between 0.004 and 0.01, the average value of HEE dropped from 0.75 to 0.57. For brevity, the variation of HEE with wind angle is not presented here. Wind angle affects the surface temperature and the respective outlet temperature almost equally, in such a way that no significant changes in HEE are detected. This implies that different wind angles do not have a major effect upon the heat transfer taking place within the perforations and the plenum where significant portion of heat transfer takes place (Gunnewiek et al., 1996; Van Decker et al., 2001 ). This also implies that the reduction in temperature rise would be mainly a consequence of that in absorber surface temperature.
Effects of wind speed
Steady-state CFD simulations were carried out to investigate the parametric influence of wind speed on temperature rise and absorber surface temperature. The results are plotted for different suction ratios in Fig. 15 . The details of the cases studied are listed in Table 3 . Table 3 . Details of the case studied for Wind speed and Suction ratio effect As shown in Fig. 15 , the system operating temperature tends to reduce at increasing suction ratio and wind speed. Changing wind speed from 1 to 4 m/s leads to a reduction in the air temperature rise and the surface temperature by an average of 57% and 29% respectively for different suction ratios. However, when operating at lower wind speed, the system experiences a wider range of temperature variation as suction ratio increases from 0.004 to 0.01. At 4 m/s wind speed, the air temperature rise is predicted to vary about 10.5 °C against suction ratio, whereas at 1 m/s wind speed it shows a variation of about 14.5 °C. A similar trend is apparent for the surface temperature. This effect indicates that the higher levels of suction ratio lessen the effect of wind speed on the system's operating temperature. Whilst this suggests that a lower suction ratio should be applied to the system to reach specific levels of temperature rise, this increases the risk of reverse flow over the absorber plate. In other words, although low suction ratio values would give a better thermal performance, the airflow would be partially reversed which compromises the systems' heat gain by taking the collected energy away from the absorber through the perforations (Gunnewiek, 2002) . This represents an important design parameter. . Fig. 15 . Impact of wind speed on temperature rise and absorber surface temperature for: (a)
,with constant wind angle of = 0°.
As well as influencing both the temperature rise and surface temperature, wind speed has a significant effect upon the heat exchange effectiveness, due to major alterations of the heat transfer processes within the plenum. The parametric variation of HEE as a function of wind speed, for different levels of suction ratio is presented in Fig. 16 . HEE decreases considerably with both increasing wind speed and increasing suction ratio, over a wide range between 0.9 and 0.5. Changing suction ratio from 0.004 to 0.01 causes HEE to reduce on average by 26%. When the suction ratio is 0.01, increasing the wind speed between 1 and 4 m/s changes HEE by about 50%; when the suction ratio decreases to 0.004, the same variation in wind speed causes a change in HEE of only 33%. The highest value of HEE is predicted at the lowest levels of wind speed and suction ratio investigated. Although the system thermal performance is predicted to be significantly greater at these conditions, reverse flow becomes a major risk. Fig. 16 . Impact of suction ratio on heat exchange effectiveness for: (a)
Effects of solar radiation
Solar radiation drives the absorber plate heating process and exploring its influence using CFD simulations is particularly useful for practical applications of TSC systems. Thus, four realistic values of solar radiation intensity have been adopted from the available recorded data (Hall et al., 2013) to model the system thermal response, in combination with different wind angles, at a fixed wind speed of 3 m/s, suction ratio of 0.008 and ambient air temperature of 10° C. The results of the parametric study are presented in Fig. 17 . As expected, both 'surface temperature' and air 'temperature rise' increase with increasing solar radiation. The size of increase is moderated by a greater wind angle. Increasing solar radiation from 150 to 600 W/m 2 raises the surface temperature by about 33% at = 0°, allowing the TSC to operate at higher temperatures. This effect is more pronounced on the temperature rise, delivering a 70% enhancement for the same solar radiation change. At the highest wind angle ( = 67.5°), the temperature rise still grows with solar radiation, but by less (60%). These results could help researchers and designers investigating novel TSC systems, as they suggest wind angle must be considered if system performance is to be maintained in varying external conditions. However, as reported in section 3.2, increases in the angle of the wind angle ( ) have a diminishing influence on temperature rise when other variables are kept constant. For instance, at constant solar radiation of 600 W/m 2 , changing wind angle from 0 to 22.5° gives a 1.5°C drop in surface temperature, whereas this reduces to 0.8°C when the wind angle is increased from 22.5 to 45°. The predicted values of effectiveness show limited variation when the solar radiation is increased between 150 and 600 W/m 2 ; the average HEE value was 0.618. For brevity, HEE results are not presented here.
Effects of 'Time of the day'
The absorber plate receives solar radiation at different angles depending on time and sun angle. Star-CCM+ CFD software has the 'Solar Load' sub-model giving the ability to investigate system performance at prescribed times. The simulations for this study are for 22 nd of December (using the location indicated in the section 'Background'). Five different times were considered, whereas other variables were kept constant: solar radiation, 600 W/m 2 ; wind angle ( ), 0°; wind speed, 3 m/s; and suction ratio, 0.01. The results are displayed in Both temperature rise and surface temperature increase from the morning until early afternoon before reducing later in the afternoon when the sun drops. Noting that the simulations have been performed for constant solar intensity, the trend would be different at early mornings and late afternoons when the solar intensity is significantly less than at mid-day. This implies that TSCs are able to deliver a reasonable air temperature into buildings around noon although heat is mostly required in the early morning and late afternoon/evening periods. Heat storage systems are likely therefore to be highly advantageous if TSCs are to be fully optimised against the heating needs of common building types and normal occupancy patterns.
Conclusion
TSCs have significant and quantifiable potential to reduce the present reliance on fossil fuels for heating buildings, and therefore to play an important role in meeting UK and international carbon reduction targets. The relative technical simplicity of systems is highly desirable as many other zero and low emission technologies have capital and in service costs that are prohibitive to their wider use. This work informs understanding of key aspects of the underlying building physics and for the first time provides a suitably accurate method of modelling systems such that performance can be optimised. Such optimisation is key both to increasing the periods of useful operation of systems (such that they are active diurnally and seasonally for the longest feasible periods), and in raising the temperature of air delivered by systems which is likely to prove essential if effective thermal storage systems are to be developed to work in conjunction with TSCs. It is therefore intended to facilitate future high quality and effective systems optimisation research, and more intensive use of the approach.
This study has involved the development of a high-resolution, 3-dimensional, steady, RANS CFD approach to model cassette-panel TSC systems. Multi-block meshing has been used to capture the multi-scale air flow behaviour which establishes in the various regions of the physical system. Angle of wind angle and the actual position of the sun have been taken into account in the simulations.
Experimental data from tests conducted at Oxford Brookes University have been used to validate the accuracy of the CFD model. Parametric studies were then carried out in relation to a variety of operating regimes and climates. Key finding include:
• Air flow is almost parallel to the absorber external surface irrespective of the angle of approach.
• The air 'temperature rise' (the difference between the outlet temperature and ambient temperature) and the 'surface temperature' of the absorber plate, both reduce as the wind angle increases relative to the absorber plate. This impact has been shown to be 0.28 °C per 10 degree variation in wind angle for surface temperature and 0.19 °C per 10 degree variation in wind angle for temperature rise.
• Similarly, and in agreement with previous research (section 3.3), increasing the suction ratio decreases both air 'temperature rise' and the 'surface temperature' of the absorber plate. This effect increases through the analysed range of wind angles from 0 -67.5°. Further research may therefore be appropriate to develop systems that have reduced sensitivity to wind angle.
• Simulations using different suction ratios reveal that wind speeds ranging from 1 to 4 m/s reduce both 'temperature rise' and 'surface temperature'. The impact of suction ratio increases at lower wind speeds.
• Increasing both suction ratio and wind speed lead to a reduction in Heat Exchange Effectiveness. Wind speed has a greater effect on effectiveness at higher suction ratios. The studied cases have demonstrated that effectiveness reaches its highest value when the system operates at the lowest suction ratio with the lowest wind speed. This condition does however generate risk of reverse flow over the absorber plate.
• Wind angle influences the impact of solar radiation on the operating temperatures of TSCs. Increasing solar radiation from 150 to 600 W/m 2 at = 0° (parallel flow) is 10% more effective than that at = 67.5°.
• Wind angle and solar radiation have little effect on Heat Change Effectiveness indicating that they are relatively insignificant to the amount of heat transfer that occurs within the perforations and in the plenum; outlet air temperature only increases in accordance with absorber plate 'surface temperature'.
• TSCs deliver different operating temperatures dependent on time of day. Since the position of the sun moves the exposure of the absorber plate to the sun varies, with consequent obvious changes in the received solar radiation and heat gains. The characterisation of sun movement is notably lacking in previous modelling but in the developed approach it is properly represented.
The observed behaviour of a Transpired Solar Collector as shown in these validated parametric modelling studies can inform the development and deployment of the technology. In particular, performance characteristics can be evaluated and used to improve aspects of TSC design and operation. For example, control of fan speed can be introduced in tandem with wind speed and direction monitoring to achieve the most beneficial suction ratio for the conditions encountered, and thermal storage systems can be modelled and investigated using realistic solar availability.
Future research using this CFD tool will investigate the development of enhanced TSCs that can be optimised both in terms of efficiency (and hence size) and for performance under real conditions, widening the potential for application on buildings in the UK, Europe and internationally in climates where there is both heating demand and reasonable availability of solar radiation.
